Gray tin, also known as α-Sn, can be turned into a three-dimensional topological insulator (3D-TI) by strain and finite size effects. Such room temperature 3D-TI is peculiarly interesting for spintronics due to the spin-momentum locking along the Dirac cone (linear dispersion) of the surface states. Angle resolved photoemission spectroscopy (ARPES) has been used to investigate the dispersion close to the Fermi level in thin (0 0 1)-oriented epitaxially strained films of α-Sn, for different film thicknesses as well as for different capping layers (Al, AlOx and MgO). Indeed a proper capping layer is necessary to be able to use α-Sn surface states for spintronics applications. In contrast with free surfaces or surfaces coated with Ag, coating the α-Sn surface with Al or AlOx leads to a drop of the Fermi level below the Dirac point, an important consequence for transport is the presence of bulk states at the Fermi level. α-Sn films coated by AlOx are studied by electrical magnetotransport: despite clear evidence of surface states revealed by Shubnikov-de Haas oscillations, an important part of the magneto-transport properties is governed by "bulk" electronic states attributed to the Γ8 band, as suggested by ab-initio calculations.
I. INTRODUCTION
Classical spintronics generally uses magnetic materials to produce a spin current from a spin-polarized charge current. However it appears that spin-orbit coupling (SOC) provides new directions to generate pure spin currents [1] [2] [3] . The SOC, a relativistic correction to the equations of quantum mechanics, can be significantly strong in materials containing heavy atoms. Today, it turns out that an efficient spin-charge conversion can be obtained by exploiting the SOC-induced properties of twodimensional electron systems (2DES) found at some peculiar surfaces and interfaces. In particular, the so-called Rashba interfaces as well as the surfaces of three dimensional topological insulators(3D-TI) 4, 5 are of great interest. During the last decade TIs have been widely studied for their unconventional electronic properties leading to the discovery of quantum anomalous Hall effect 6 . Among the predicted TIs, the 3D TI were actively investigated since there are, to some extent, easier to fabricate 7, 8 . They are insulating because of a gap opening, often attributed to strain, but the band inversion generally attributed to SOC leads to the existence of a conducting surface states with a linear dispersion, forming the so-called Dirac cone (DC). Thecombination of broken symmetry at the interface and the associated electric field perpendicular to the surface with the time reversal symmetry where the relationship E(k,σ)=E(−k,−σ) imposes a peculiar connection between the spin momentum σ and the k momentum vector, sometimes called spin-momentum locking), and usually σ ⊥ k 9 . Examples of prototypical materials already intensively studied are Bi based materials where surfaces states with linear dispersion have been clearly observed using Angle Resolved Photo-Emission Spectroscopy (ARPES) techniques 10 . However, magnetotransport experiments revealed the difficulties to obtain such material keeping the bulk state spurious contributions small enough to allow the contribution of the surface states to be clearly isolated 11 . Recently it was demonstrated that surface states of such material can be exploited to efficiently convert the charge current into a sizeble spin current 12 . Moreover, in the case of 3D-TI, the produced spin accumulation can reverse the magnetization of an adjacent ferromagnetic layer 13, 14 . In the state, many questions are still open regarding the exact origin of the spin-charge conversion, the role of interfaces and in particular how possible encapsulating layers in contact with a TI will modify the surface states.
In this article, we report on the study of epitaxial 'gray tin', also known as α-Sn, where surface states with spin momentum locking have been already reported previously [15] [16] [17] [18] . We have studied by ARPES techniques the impact of a capping layer, eitehr insulating like AlO x and MgO, or metallic like Al or Ag on the surface states. It results that the growth of one single atomic layer (1 ML) of Al leads to a drop of the Fermi level in an energy range where bulk states coexist with the Dirac states. We will also show here that, despite the presence of the surface states clearly evidenced by ARPES and corresponding Shubnikov-de Haas oscillations, many of the electrical transport properties are governed by the 'bulk' states. By performing ab initio calculations, we attributed those 'bulk' states to the Γ8 band like also ivestigated in Ref. 17 .
II. SAMPLE PREPARATION
We first focus on the sample preparation conditions. The substrate used in previous reports 15, 17 to stabilize the α-phase of Sn is InSb, a semiconductor with a small gap (175 meV ) 19 . However, InSb is also known to possibly take part to the electronic transport process by shunting a part of the transport properties from the surface states, at least from room temperature down to 4 K. In order to probe the magnetotransport properties of the 2DES, we fabricated (0 0 1)-oriented InSb thin film on GaAs insulating substrate by molecular beam epitaxy (MBE) growing method. The InSb film thickness is 120 nm corresponding approximately to the thickness needed to recover the in-plane lattice parameter of bulk InSb (a = 6.48Å), free of any emerging dislocations. An amorphous capping layer of As was used to prevent the surface from oxidation when transferred to the MBE chamber of the CASSIOPEE ARPES beamline (SOLEIL, France) where α-Sn is grown. At the beamline, we then prepared the InSb film surface in the same way it is done for usual InSb substrates 15, 16 . We then removed the amorphous As and obtain a 2 × 8 reconstructed surface by a series of successive Ar ion etching and annealing. The crystalline surface quality is indistinguishable from the bulk InSb substrates using LEED and RHEED. A single Bi atomic layer is deposited on the 'substrate', foregoing the growth of α-Sn, as suggested by Ohtsubo et al. 15 . RHEED oscillations were sometimes observed during the growth of α-Sn giving a growth rate in agreement with the one derived from the quartz balance monitor. The final α-Sn surface was characterized by LEED and RHEED, indicating that we obtain pure monocrystalline α-Sn.
III. ANGLE RESOLVED PHOTOEMISSION SPECTROSCOPY EXPERIMENTS
A. α-Sn free surface
We now turn on ARPES spectroscopy measurements and characterizations.
As shown in Fig. 1(a) for 51ML, ARPES measurement using 19 eV incident photons clearly reveals the existence of the DC associated to the surface state of the topological surface as already observed in previous studies [15] [16] [17] . The DC was observed in all synthesized samples and characterized by ARPES suggesting that this surface state is robust and intrinsic to the surface of α-Sn. It also confirms the good reliability and reproducibility of the sample preparation and this validates the possibility to grow α-Sn on much more insulating InSb(120 nm)|GaAs(0.5 mm) 'artificial substrates' compared to bulk InSb. Fig. 1(a) illustrates the dispersion relation as observed in ARPES for one surface (51 ML α-Sn). From the linear dispersion visible in Fig. 1(a) and (b), it is possible to extract the energy position of the Dirac point compared to the Fermi level, as depicted on Fig.1(c) (blue dots). For all thicknesses ranging from 20 to 50 ML, an n-type 2DES was observed with a Fermi level E F about 50 meV (constant within error margin) above the Dirac point (DP) energy E DP ( Fig. 1(c) ).
B. Influence of capping by Al and AlOx
We are now describing the main results concerning the investigations of the effect of a Al and AlO x encapsulating layer deposition and grown on top of α-Sn. We first grew 1 ML of MgO by MBE from a stoichiometric MgO target. No surface state could be observed by ARPES. We assign the disappearance of the DC to the top layers Sn oxydation as evidenced by Sn-3d 3/2 and Sn-3d 5/2 core levels x-ray photoemission spectroscopy (XPS) performed at the M 4 and M 5 edges of Sn (see appendix). ARPES data do not allow us hence to conclude about the persistence of the surface state in the buried Sn planes below the top oxidized Sn layer. By contrast, the fabrication of an oxide layer of Al starting with the deposition of 1 ML of metallic Al demonstrated that Al and Al oxide could be relevant candidates to play the role of encapsulating or spacer layers since the surface states are still observed with a clear linear dispersion in both cases [ Fig.1(b) ]. Indeed, according to ARPES data and core-level spectroscopy, 1 ML of Al is enough to prevent the oxydation of Sn whereas the oxydation of the 1 ML Al itself can be achieved by introducing molecular O 2 in the MBE chamber at a pressure of 10 −6 mbar during 40 minutes. No change in the Sn photoemission spectra was neither observed regarding the characteristic features of the 3d 5/2 and 3d 3/2 α-Sn core levels when covered with 1 ML of Al or 1 ML of oxidized Al. By contrast now, the oxidation of Al can be clearly seen at the 1s and 2p 3/2,5/2 core levels when compared to the Al metallic spectra (see Appendix).
A very important result is the observation of a shift of the Fermi level from above the DC for the free surface and the ones coated with Ag (n-type 2DEG) to below the Fermi level for coating when Al or AlO x (p-type) is used. The resulting position of the diract point (DP) is reported on Fig 
IV. ELECTRICAL TRANSPORT MEASUREMENTS (AlOx COATING)
We will now focus on the Electrical transport properties of α-Sn grown on InSb template. The α-Sn surface states being well protected by AlO x , we used the same samples grown for ARPES to perform magnetotransport measurements. Two samples have been investigated leading to similar transport properties. In particular, in that paper, we will focus on a specific sample, namely sample 1 made of AlO x |α-Sn (50 ML≈ 6.55 nm)|InSb(120 nm)|GaAs(substrate). We patterned Hall bars using UV optical lithography with photoresist mask and Ar ion milling with typical width dimension of w = 200 µm and a longitudinal distance between the voltage probes of l = 500 µm . Pictures of some characteristic devices are displayed in the inset of Fig. 3(b) . Resistance measurements were performed at constant current, in a four-probe configuration. From magnetotransport experiments, two main features clearly appears. First, in the so-called perpendicular geometry whereby a strong magnetic field is applied along the normal of the sample, the longitudinal resistance oscillates corresponding to characteristic Shubnikov-de Haas (SdH) oscillations. These oscillations were also observed and even better defined in the so-called anomalous Hall effect geometry (AHE) for the acquisition of the transverse resistance variation. Second, the Hall effect corresponding to the acquisition of the transverse resistance indicates a p-type conduction with a larger carrier density than the one expected from the surface state dispersion observed in ARPES. Hall measurements may be fitted considering at least two types of carriers, as discussed in more details in the following.
A. Shubnikov-de Haas oscillations
SdH oscillations are shown in Fig. 2(a)-(b) from the sheet resistance R xx and transverse resistance R xy data after subtraction of a polynomial function leading to the determination of ∆R xx and ∆R xy . The current I is applied along x, the voltage acquired along x or y depending of the configuration measurements. As expected for SdH oscillations, R xx and R xy are 'phase shifted' from each other by a certain phase factor approximately equal to π/4.
Performing a Fourier transform of the resistance, we can estimate the frequency F of the oscillations corresponding to F = 11.3 T [ Fig.2(c) ]. By using the Onsager relationship, one can extract:
where Φ 0 = h/(2e) is the quantum flux and A F is the characteristic cross sectional area of the Fermi surface in the plane of the reciprocal space normal to the magnetic field direction. Using the circular cross section of the Dirac cone, one can estimate the characteristic Fermi wave vector to k F to k F = 2eF/ = 0.18 nm −1 . On the other hand, considering that the 2-dimensional carrier density may be expressed as n 2D = k 2 F /(4π) for the single-band Dirac surface states free of any spin degeneracy for a TI system, this leads to a carrier density approaching n 2D = 2eF/( 4π) = (2.7±0.3) 10 11 cm −2 . Using the value of k F derived from the SdH oscillations, one can estimate the band filling and then the Fermi level in the case of a linear dispersion according to E to respective maxima because of the bulk band contribution to the resistivity 20 . Due to the phase shift between R xy and R xx oscillations, we have indexed the resistance oscillations extrema of ∆R xy with respec to the Landau level positions shifted by ±1/4 [ Fig.2(b) ] 21 . From the longitudinal resistance data, the expression of the Shubnikov-de-Haas oscillations correspond to:
where γ is a phase offset related to the Berry's phase that carriers acquire acquired during a cyclotron orbit 21 . Fig. 2(d) ], an intermediate value lying between 0 or 1/2 like often found in various Bi compounds 11, 20 . As proposed by Wright and McKenzie 21 , in the case of a 3D-TI with broken electron-hole symmetry, a deviation from the linear dependence is expected. A more accurate fit was hence proposed:
where the asymptotic low field limit is equivalent to A 2 → 0. This yields a straight line [dotted line in Fig. 2(d) ]. Therefore, the topologically relevant phase offset is A 1 . A 1 = 0 would indicate that the surface states contain a Dirac component with a Berry's phase of π. The best resulting fit using Eq. (1) is displayed on Fig. 2(d) and leads to A 1 = 0.011 and A 2 = −0.041 while the frequency F = 11.3 T is fixed by the Fourier transform. The zero field limit is indicated by a dotted line. Therefore, from A 1 0, we can conclude that the SdH oscillations reveal the Dirac fermions nature of the resistance oscillation with a Berry's phase of π. As a partial conclusion, the analysis of SdH oscillations corroborates the ARPES measurements performed on the α-Sn surface coated with AlO x . From two different measurements, ARPES and magnetotransport (SdH), we consistently deduce a same carrier density of n = 3 10 11 cm −2 and a Berry's phase which corresponds to Dirac fermions. Similar carrier densities and helical spin configuration on the Fermi contour were measured in previous spin-resolved ARPES experiments on the free surface of n-type samples in the 24-30 ML range 15 .
B. Hall effect and magnetoresistance
The magnetoresitance acquired in the geometry of a magnetic field applied respectively perpendicularly and in the plane of the sample as well as the Hall effect data are displayed on Fig. 3(a) and Fig. 3(b) respectively. The results is that both shape and amplitude of the Hall effect, with different slopes at low and high fields, cannot be explained by only considering the small 2-DEG density characterized by the SdH data. This reveals the superimposed contributions of 3D carriers (electrons) in the the bulk α-Sn as well as in the InSb layer template (the so-called substrate) as discussed in the beginning. In order to go further, one first fits the Hall effect data using a simplified two bands model according to the formula: The best fit for R xy is displayed on Fig. 3(b) . It leads to the determination of a single n-type band conduction with a sheet carrier density n 1 approaching n 1 = 2.3 10 12 cm −2 with a characteristic mobility of µ 1 = 3730 cm 2 /(Vs) and a p-type band with a sheet hole density n 2 of about n 2 = 5 10 13 cm −2 characterized by a low mobility of µ 2 = 110 cm 2 /(Vs) . The fit was performed fixing the sheet resistance
acquired at zero field. However, the conclusion is that one cannot convincingly fit R xx (H z ) with the above set of parameters found for R xy (H z ). This indicates that this two bands model is insufficient to fully recover our data and explain the main issues of the physical processes into play like recently reported in the investigation of the Bi 2 Se 3 compound 22 . In order to fully exploit the magnetotransport data, a third band have to be added to the model, with its own properties, in order to account for the surface states conduction and by using the carrier density extracted from SdH oscillations. Fixing now n SdH = (2.7 ± 0.3) 10 11 cm −2 from SdH oscillations data, the best fit gives now a mobility µ SdH = 2540 cm 2 /(Vs), which is consistent with the appearance of the SdH oscillations at about 4 T, i.e.; that is corresponding to µ SdH µ 0 H z > 1. Because of the huge difference in the carrier density, n SdH n 2 , the resulting fit of R xy (H z ) does not change much the parameters deduced from the two bands model given above, but there is still some small remaining inconsistency with R xx (H z ) at least in a simple Drude model framework. It is then possible to estimate the sheet resistance of the surface states R SdH = 1/(n SdH e µ SdH ) = 9.2 kΩ. This contribution to the resistance should be compared to the contribution from the two other bands (from the 3 carrier fit) R n−type = 766 Ω and R p−type = 1.3 kΩ. From the sheet resistance of these surface states, using the simple expression of the conductance for non-degenerate 2D materials with a linear dispersion:
E F π τ the momentum relaxation time τ can now be estimated to:
This relaxation time is more than one order of magnitude larger than the one measured for α-Sn covered with Ag 16 . It emphasizes the specific feature that a metallic capping layer like Ag may constitute a parallel momentum relaxation channel due to espace processes which can constitue a drawback for spin-to-charge conversion process. Such parallel relaxation mechanism is then prevented when an incapsulating insulating AlO x layer is deposited on top. At this stage, the origin of the two majority channels contributing to the electrical conduction is still under investigation.
From prior Hall transport measurements performed on InSb(100nm)|GaAs 'substrate' without any specific surface preparation, one can deduce an n-type conduction with a carrier density of n = 1.4 10 12 cm −2 with a mobility of µ = 3180 cm 2 /(Vs) . We thus attribute the n-type conduction channel of carrier density n 1 to the InSb substrate. Importantly, the magnetoresistance of the substrate was relatively small, of the order of 29.4% at 9 T compared to the one measured in the α-Sn sample in Fig. 3(a) (70.8% at 9 T). Nevertheless, a full understanding of the anisotropic magnetoresistance is beyond the scope of this paper. More subtle effects can involve two or three bands model associated with a gap opening, hybridization between surfaces states and 'bulk' states, which implies to account for too many parameters to draw conclusions. On the other hand, the p-type conduction channel evidenced by Hall effect can be understood taking into account the result of ab initio band structure calculations of α-Sn thin films like described in the following section.
V. AB INITIO CALCULATIONS
In order to understand the electronic structure of α-Sn, we performed ab initio calculations based on the Density Functional Theory (DFT) using the VASP package.
23,24
We employed the PBE functional revised for solids 25 . Standard DFT being unable to reproduce the correct bulk band structure of α-Sn, we have fitted an additional effective U potential 26 on Sn p levels of −2 eV to reach a good agreement between simulations and experiments.
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The energy cut off was set to 400 eV. For bulk materials, we performed geometry relaxations until forces were lower than 0.01 meVÅ −1 accompanied by a 12 × 12 × 12 k-point mesh. For the surface states calculations, we used slab geometries consisting of a finite number of bulk α-Sn unit cells "grown" along the (0 0 1) direction, both surfaces being separated by at least 20Å of vacuum in order to avoid interaction between them. Each surface was passivated by H atoms (2H per Sn atom). A 8×8×1 k-point mesh was employed for slab calculations. The geometry relaxations were performed until forces were lower than 0.01 eVÅ −1 and only the outer 12 Sn monolayers as well as H positions were allowed to relax -no relaxation of lattice parameters were performed. For both bulk and slab configurations, the SOC interaction was included. Band structures were plotted with the PyProcar script 28 . We first briefly inspect the bulk properties of α-Sn. The geometry relaxation using the PBEsol functional plus a negative U parameter on Sn p yields a lattice parameter of 6.4142Å, in very close agreement with experimental values (-0.99% of error). Our DFT simulations predict that α-Sn is a zero gap semi-conductor. Furthermore, we correctly reproduce the band order around Γ 27, 29 and no electron pockets are observed in the Γ-L valley 30 [see Fig.4 .(a)] -this is an improvement over strandard LDA and GGA simulations (not presented here) 30 . We now turn our attention to slabs configurations. We first started from the bulk geometry, i.e., we used the bulk lattice parameters and atomic positions, with slabs made of integer numbers of bulk α-Sn layers. For small thicknesses, we observe that the confinement results in insulating films with band gaps of 0.70 eV and 0.35 eV for 8 ML and 12 ML Sn respectively. For 24 ML, we ob- . Surprisingly, a narrow band gap is opened around the Dirac point, yielding a "non closed" DC. Such a behavior was already observed using prohibitive hybrid functional and it was attributed to confinement effects 31 . Using this 48 ML slabs with different U values in the simulations (either 0 eV or −1 eV), the DC emerges without altering key observations raised by our simulations with an effective potential of −2 eV, i.e., positions of DC and bulk band contributions [see Fig.4(e) and (f) ]. This DC gap opening might therefore be ascribed to electron localization problems with DFT+U.
The DC computed for 48 ML with U=−2 eV reproduces quite well the general trends observed by ARPES for the n-type conduction when the Fermi level is moved 150 meV [ Fig.4(e) ] above. Note however that, in the case of the slab calculations, the position of the Fermi level extracted from DFT+U calculation quite high in energy in the present case should be strongly dependent on pure quantization effects along the confined z direction perpendicular to the layer and not only on the pure U-potential added in the GGA+U treatment. Smaller quantization effects in real experimental semiconductor structures may lead to a change of the Fermi level position in the range of several hundreds of meV, the order of magnitude of the quantization energy. Moreover, abinitio calculations are also in rather good agreement with ARPES and transport measurements on α-Sn films covered with AlO x where the shift of the Fermi level below the Dirac point [ Fig.1(b) ] introduces an additional band of p-type carriers [ Fig.3(b) ] characterized by 10 13 cm −2
. Indeed, as evidenced in Fig.4 (e) a large bulk band appears below the Dirac point and could explain the origin of this p-type conduction. By moving the Fermi energy at −75 meV below the Dirac point in the theoretical investigations, we found a carrier density 10 14 cm −2 for GGA and 5 10 12 cm −2 for the GGA+U treatment which is in the same order of magnitude as measured.
Strain being originally proposed to favor the topological insulating phase in α-Sn 27,32 , we have also checked the role of the small compressive strain induced by the InSb substrate (ε xx = ε yy = −0.14 %). Consistently with a previous study 33 , it opens a small gap of few tenth of meV in the M −Γ−X directions at the strained bulk level, but the material remains metallic in the other high symmetry directions. At the slab level, the very same conclusions are raised with respect to the bulk-based slabs. We also checked the influence of the AlO x capping layer by substituting H atoms by O ions. Again, we do not observe any significant modifications with respect to H terminated slabs.
VI. CONCLUSION
Compared to the ARPES of free surface, it turns out that capping with AlO x drops the Dirac point above the Fermi level, a clear example of the influence of capping on topological surface states (TSS). In the present case, the disadvantage of capping with AlO x for the conduction properties is that, with a Fermi level below the DC, bulk bands now coexist with the TSS.
Our ab initio calculations confirm the presence of Dirac cone for 24 ML α-Sn as well as for thicker films when we adjust the effective U potential in DFT calculations. They also confirm the existence of a p-type bulk band below the Dirac point, this is in good agreement with Hall measurements where such a p-type band was identified when the Fermi level moves below the Dirac point due to the AlO x coating of the α-Sn surface. From transport measurements and SdH oscillations, we could evidence the signature of TSS. It is then possible to estimate the relaxation time of the surface states: τ = 60 fs. Compared with the previous measurements for α-Sn covered by Ag layer 16 , τ is more than 10 times larger when α-Sn is capped with AlO x . As τ is still definitely shorter than that derived from ARPES for the free surface 34 , we can speculate that the existence of bulk state at the Fermi level contributes to its shortening by inter-band scattering.
One of the main results that we want to finally emphasize is the important influence of interfacial effects on the 2D TSS. In our system, coating α-Sn with AlO x drops the Fermi energy below the Dirac point at a level where the 2D TSS coexist with 2D bulk states. Finding other interfacial materials which would keep the Fermi level above the DP while maintaining the relaxation rate of the TSS at the level of the free surface is an important challenge for spintronic applications. The Al 2p levels displayed in Fig.5(b) demonstrate the oxidation of the 1 ML Al film: before oxidization Al 2p peaks around 74 eV (binding energy), and oxidation leads to a shift of the peak position around 76 eV as expected 35 .
